This paper describes a minimalist mobile robot design approach that offers a high locomotive efficiency, and is therefore well suited to mesoscale robot design. The authors have incorporated this approach into the development of a dynamically controlled piezoelectrically actuated mesoscale robot quadruped. The design described utilizes a lightly damped skeletal structure that generates locomotion when vibrationally excited at a skeletal resonance by two piezoelectric unimorph actuators. The skeletal structure consists of four articulated legs used to produce a trot type gait. Each articulated leg moves in two degrees of freedom to create elliptical foot motions that enhance locomotion efficiency and rough surface capability.
Introduction
A mesoscale device is generally considered to be one that contains length scales on the order of millimeters to centimeters. Since volume scales with the cube of a geometric scaling, mesoscale machines contain significantly less volume than their conventional scale counterparts. The disproportionate decrease in volume in a mesoscale machine results in two significant challenges. The first is limited design space, which in turn suggests the use of simple and minimalist designs. The second is that, since electrochemical battery energy densities are essentially constant, the amount of available energy will decrease with the cube of size. A mesoscale robot that is geometrically similar and smaller than a conventional scale robot therefore has significantly less available energy to travel a given distance. For example, a battery-powered mesoscale robot that is designed as a one-tenth-scale version of a conventional-scale robot would ideally travel a distance ten times shorter than its larger counterpart. Assuming that the locomotive efficiency remains invariant, however, the smaller version will travel a distance one thousand times shorter. The smaller robot will therefore have a range that is one hundred times smaller than the larger, relative to its own dimensions. The development of mesoscale robots is therefore aided significantly by the implementation of simple design approaches that result in efficient locomotion. This paper describes such a design approach. The approach, called elastodynamic locomotion, utilizes a lightly damped skeletal structure that generates efficient locomotion when vibrationally excited near a skeletal resonance.
Background
A considerable amount of work has been conducted in the design of autonomous conventional-scale robot quadrupeds. These designs generally incorporate independent control of the motion of each leg and multiple sensors for gathering information regarding leg motion and terrain. These features, along with on-board computational ability, afford these machines the ability to traverse various terrains and obstacles. Such machines are generally not appropriate for implementation at the mesoscale, since the required complexity (e.g., number of actuators and sensors) is mismatched to the previously mentioned volume constraints of a mesoscale device. Further, the energetically non-conservative nature of closed-loop control of leg motion is additionally mismatched to the previously described need for efficient locomotion. These robots are actuated by two legs, which each consist of two serially mounted piezoelectric bimorphs, and also incorporate a third passive leg, which is used for stability.
Since the piezoelectric actuators are utilized in a direct drive sense (i.e., no displacement amplification), the robots are generally confined to operate on smooth surfaces. Martel et al.
are have reported on the development of a twelve degree-of-freedom piezoelectrically actuated three-legged robot with a footprint of approximately 2 cm by 2 cm [2] . This robot also incorporates no displacement amplification of the piezoelectric actuators, and is therefore also confined to operate on smooth surfaces.
Kawahara et al. have developed a piezoelectrically actuated in-pipe wireless robot [3] .
The robot is cylindrical in shape with a diameter of approximately 1.5 cm and a length of approximately 4 cm. This robot incorporates multi-layered piezoelectric bimorphs as actuators and incorporates an on-board energy converter to convert microwave power traveling in the pipe into DC electric power. Other than the work presented herein, this is the first wireless (i.e., not power-tethered) piezoelectrically actuated robot of which the authors are aware.
Several researchers, such as Higuchi et al. [4] and Breguet and Renaud [5] , have additionally developed stepping-type or inertial-drive-type piezoelectric motors, which can be considered similar to small-scale mobile robots. These types of motors are generally not designed to be self-powered, and since they incorporate no displacement amplification of the piezoelectric actuators, they are confined to operate on smooth surfaces.
The robot design described in this paper is a piezoelectrically actuated quadruped that was designed to be capable of self-powered operation and to accommodate reasonably rough surfaces. The minimalist philosophy upon which the robot design is based was motivated in part by the work of Yasuda et al., who have developed a microrobot that is actuated by a vibration energy field [6] . Specifically, they developed a passive silicon micromachined device that measures approximately 1.5 mm by 0.7 mm. The silicon robot sits on a vibration The work presently in this paper is similar to the approach of Yasuda et al., but instead utilizes two-degree-of-freedom leg motion and incorporates the energy and actuation source on-board the robot.
Elastodynamic Design Approach
The design described incorporates a lightly damped skeletal structure that generates locomotion when vibrationally excited at a skeletal resonance by piezoelectric actuators.
This primarily elastic approach to locomotion provides two significant advantages. First, since the motion is elastic, it is energetically conservative (i.e., the acceleration and deceleration of each limb requires no net power). The combination of a piezoelectric ceramic, which exhibits low energy dissipation, and the use of resonance, which is energetically conservative, results in a highly energetically conservative device. Second, utilizing a lightly-damped structure enables control of limb amplitude by frequency shifting Finally, in addition to providing for efficient locomotion and a minimum actuator configuration, utilization of an elastic mechanism (i.e., a flexure based metallic skeleton)
eliminates the need for roller or journal bearings and therefore results in a more environmentally robust system, providing immunity from environmental contaminants such as sand and dust.
Piezoelectric Ceramic Actuation
The use of piezoelectric (PZT) actuators provides several beneficial features. First, PZT is an elastic actuator, and therefore well suited for the elastodynamic approach. Second, PZT is a highly energetically conservative means of electrical to mechanical energy transduction.
Specifically, the only significant mechanisms of dissipation are an electrical hysteresis, which dissipates approximately 10% of the input energy per cycle of actuation, and mechanical damping in the ceramic, which typically exhibits a damping ratio of approximately 0.5 [7] .
Third, PZT has amongst the highest volume specific power of any electrical to mechanical transduction mechanism [8] . Finally, PZT also has favorable force scaling characteristics relative to other common transduction mechanisms [9] .
Though PZT provides significant benefits as an actuator, it also has some significant drawbacks relative to mesoscale robotic applications. Perhaps the most limiting of these is that it typically provides relatively small displacements. Polycrystalline piezoelectric ceramic typically provides material strains on the order of 0.1%. In a direct drive sense, a 2 cm long PZT stack will provide only 20 microns of displacement. If a mesoscale robot is to traverse reasonably rough surfaces, the small displacements provided by the PZT ceramic must be amplified by significant mechanical amplification mechanisms. From a power perspective, though PZT actuation is volumetrically power dense, the power is provided in a high force and low displacement fashion, relative to that required by a mesoscale quadruped.
Optimal use of the power provided by a PZT actuator therefore requires a large mechanical transmission to convert the high force, low displacement work into relatively low force, high displacement work. The amplification (or transmission) mechanisms utilized to match the actuator with the work output of the robot should additionally be energetically conservative in order to maintain the energetic benefits of the PZT actuator.
The primary mechanisms of PZT displacement amplification are structural amplification, kinematic amplification, and dynamic amplification. Specifically, structural amplification is that which results from utilizing a configuration of actuator that amplifies the strain output of the PZT ceramic, and in the design described herein takes the form of a unimorph actuator. Kinematic amplification is achieved through use of compliant mechanism-based linkages. Finally, dynamic amplification utilizes the frequency response characteristics of the elastic transmission, and specifically operates the device at or near the primary resonance of the transmission. The authors incorporate all of these mechanisms into the design of the elastodynamic robot in order to maximize the displacement output of the PZT.
Another significant drawback of piezoelectric actuation is the relatively high voltage required for actuation. Just as the mechanical (output) power of the PZT actuator is in a different regime from that required by a mesoscale mobile robot, so also is the electrical (input) power in a different regime from that provided by a typical electrochemical battery.
Just as a large and efficient mechanical transmission is desired to convert the PZT output power to a useful regime, so also is a large and efficient electrical transmission desired to convert the power from a battery into that required by the PZT. This issue is addressed in the Power Electronics section of this paper.
Prototype Design
The elastodynamic robot quadruped is shown in Figure 2 
Drive System
Though robot quadruped locomotion can be achieved with curvilinear foot motion (i.e., each foot moves forward and backward along the same path, relative to the robot reference frame), use of a closed path (e.g., an elliptical path) generally provides greater mobility (e.g., ability
to traverse rough surfaces) and greater efficiency (i.e., less frictional energy loss due to sliding). Due to these advantages, the objective of the robot quadruped design was to obtain closed path foot motions for each leg, subject to the minimalist elastodynamic design philosophy previously described.
The minimum number of actuators for any active device is one. Obtaining a closed path trajectory in the case of a non-elastic system that can utilize continuous rotation, such as with an electric motor, is trivial. The closed path motion can either be obtained directly by using the center of rotation as the center of a circular path, or indirectly by incorporating a crank-rocker type four-bar linkage. In an elastic system, however, obtaining a closed path requires at a minimum the use of two degrees-of-freedom, which may or may not be coupled.
More specifically, generation of a repeatable closed path in an elastic system requires at least two degrees-of-freedom that are excited at the same frequency and separated by some degree of phase lag. Obtaining a closed path in an elastic system with a single actuator therefore requires that the mechanism incorporate mechanical phase lag between two degrees of freedom. The authors initially attempted the development of a robot quadruped with a single actuator that incorporated passive mechanical phase lag to produce elliptical foot motion.
Though theoretically such a system is possible, obtaining consistent foot trajectories proved difficult, due primarily to the fact that the phase in a lightly damped system is highly sensitive to any variation in the input frequency. Such behavior is a particular impediment when purposefully utilizing variation in input frequency for directional control, as is the case with the elastodynamic approach.
Upon determining that a single-actuator elastodynamic quadruped would not provide sufficiently robust performance, the authors developed an elastodynamic quadruped design based on two actuators. The phase lag required for closed path foot motion is therefore provided electronically rather than mechanically. The resulting two-actuator robot drive system, which is diagrammed in Figure 3 , incorporates an inertially decoupled five-bar linkage as explained in the following section.
In designing a two degree-of-freedom revolute mechanism, one can utilize either a serial or parallel configuration. In a serial configuration, each joint is actuated relative to the previous joint, as illustrated in Figure 4 . In a parallel configuration, each joint is actuated relative to a reference frame. The five-bar linkage illustrated in Figure 5 is a common implementation of a two degree-of-freedom parallel revolute mechanism.
The legs of the elastodynamic robot quadruped incorporate a parallel configuration based on a five-bar linkage rather than a serial configuration for two primary reasons. First, the base of both actuators can be attached to the same reference frame, which in turn enables all four legs of the quadruped to be actuated by the same pair of unimorph actuators.
Specifically, by crossing the connecting rods shown in Figure 3 , the linkage will be driven 180 degrees out of phase with respect to same set of actuators. A trot type gait requires that diagonal pairs of legs operate 180 degrees out of phase. With one connecting rod attached to each corner of each unimorph, all four legs can be driven from the same two actuators. The second significant benefit of a five-bar linkage configuration is the ability to inertially decouple the two degrees of freedom, which is of great importance when operating the mechanism near resonant frequencies.
Leg Design
The configuration of five-bar linkage shown in Figure 3 is a special configuration of a fivebar mechanism where the reference axis of rotation of links 1 and 2 are coaxially arranged.
In the initial implementation of this leg configuration, elliptical foot motion was obtained quasistatically by driving the two actuators at the same amplitude and frequency, but 90 degrees out of phase. As the excitation frequency approached the dynamic regime of the mechanism, however, the linkage exhibited undesirable dynamically coupled behavior.
Specifically, the mechanism demonstrated one of two fundamental modes of vibration. One of these was a symmetric mode in which the parallelogram structure would expand and contract, and one was a "rigid body" type mode in which the entire parallelogram would maintain approximately the same geometry while swinging around the grounded revolute joint. These modes are illustrated in Figure 6 . Ideally, these modes would be tuned to the same frequency and occur simultaneously, but an effort to match the frequencies was unsuccessful, since even slight differences in the resonant frequencies of the two modes would introduce the undesired behavior. This problem was addressed by utilizing the fact that a five-bar linkage can be inertially decoupled, so that the two input degrees of freedom will operate essentially independently of each other (i.e., the mechanism will behave dynamically essentially the same is it does quasistatically). Specifically, the inertial relationship between the torques about the ground reference joint of the two input links to the motion of those two links can be written as 
Inertial decoupling is therefore achieved by selecting geometrical and inertial properties of the links to satisfy equation (6) . This procedure is commonly utilized in the design of parallel robot manipulators to simplify manipulator control [10] . Implementation of an inertiallydecoupled five-bar linkage as the leg structure of the quadruped eliminated the tendency of the leg to "choose" one of the two modes illustrated in Figure 6 . Instead, the inertiallydecoupled legs exhibited robust and repeatable elliptical foot trajectories when excited at or near resonant frequencies.
Robot Performance
Locomotive performance of the (power-tethered) robot was evaluated while carrying a 50-gram payload on a level surface. The payload was selected to be of approximately the same mass as the power electronics that are described in a subsequent section. The two unimorph actuators were driven with a sinusoidal voltage of ±240 volts amplitude and at the same frequency, with one actuator lagging the other by a phase of 90 degrees. Table 1 indicates the average speed of the robot quadruped operating at several different excitation frequencies, in addition to the total average power required by the actuator pair. As shown in the table, the maximum speed of the robot was 300 mm/sec at an excitation frequency of 32 Hz. The instantaneous power required by the actuators at each of the frequencies listed in Table 1 is shown for several cycles of gait in the graphs of Figures 8, 9 , and 10. The fact that the average required power increases nonlinearly with speed is indicative of the increased slipping that occurs at higher frequencies between the feet and the ground surface. The authors have not yet addressed this problem, though utilizing footpads with a high coefficient of friction would most likely decrease the power required at the higher speeds. 
Power Electronics
As mentioned in the discussion on piezoelectric actuation, the use of PZT to actuate a small- Specifically, the shape of the foot trajectory can be controlled by modulating the amount of phase between the two actuators, which can be utilized to decrease forward speed and increase foot height for rough surfaces, or conversely to increase forward speed and decrease foot height for smooth surfaces. Finally, if the phase between the actuators is reversed completely, the direction of motion of the robot will also reverse, providing the complete range of forward, left, right, and backward operation of the quadruped. 
